Abstract. The objective of the RD50 collaboration is to develop radiation hard semiconductor detectors for very high luminosity colliders, particularly to face the requirements of the possible upgrade of the large hadron collider (LHC) at CERN. Some of the RD50 most recent results about silicon detectors are reported in this paper, with special reference to: i) the progresses in the characterization of lattice defects responsible for carrier trapping; ii) charge collection efficiency of n-in-p microstrip detectors, irradiated with neutrons, as measured with different readout electronics; iii) charge collection efficiency of single-type column 3D detectors, after proton and neutron irradiation, including position-sensitive measurement; iv) simulations of irradiated double-sided and full-3D detectors, as well as the state of their production process.
Introduction
Most of the recent facilities in high energy physics use silicon detectors for particle tracking. Anyway, high collision rates and track multiplicities cause substantial radiation damage to these detectors, with an increase of effective doping concentration (N eff ), leakage current and effective carriers trapping probabilities (1/τ e/h ) [1] . The objective of the RD50 collaboration is the development of radiation hard semiconductor detectors for very high luminosity colliders, particularly to face the requirements of a possible upgrade (SLHC) of the large hadron collider (LHC) at CERN [2] . Fluences received by the detectors at SLHC will range from Φ eq =10 14 cm -2 at outer silicon tracker to Φ eq =10 16 cm -2 for the innermost layer of the pixel detector (fluences are expressed in this paper in terms of equivalent 1MeV neutrons [3] ). At small radii the damage is dominated by fast charged hadrons (mostly pions), while for r≥20 cm the neutrons originating from the calorimeter prevail. This paper presents some of the RD50 most recent results, with special regards to the study of charge trapping and to the development of p-type and 3D detectors.
Charge trapping and defect characterization
Charge trapping is the ultimate limitation for detector applications. It is known that trapping is independent of material type, such as floating zone (FZ), Czochralski (Cz), magnetic Czochralski (MCz) and epitaxial (Epi) silicon, regardless of oxygen concentration [O] and doping. Moreover, after experiments with 24GeV/c protons and reactor neutrons, no dependency of trapping on particle type and energy has been observed [4] . Anyway, deep levels responsible for trapping are so far unknown, and the information about annealing of trapping probability of electrons (1/τ e ) and holes (1/τ h ) can give valuable indications about their identity. Transient current technique (TCT) has been used (λ=670nm laser wavelength, ~1ns pulse width) to measure charge collection efficiency (CCE) in irradiated silicon, while effective trapping times τ e/h were determined from charge versus voltage Q(V) curves, through the charge correction method [5, 6] . Samples were p + n pad detectors (A=0.5×0.5cm 2 active area) processed on FZ silicon (<111> orientation, w=300µm thickness, ρ=15kΩcm resistivity) by ST microelectronics. An isothermal annealing study at 40, 60 and 80°C [7] has been carried out after irradiation with reactor neutrons up to Φ eq =1.5⋅10 14 cm -2 . Previous observations [4] pointing to an increase of 1/τ h and a decrease of 1/τ e have been confirmed with around 20% effect for electrons and 40% effect for holes. The time constant of annealing at 60°C was ~600 min. The scaling to lower annealing temperatures can be calculated by using an activation energy of around 1eV for both carriers. The results of a subsequent study including annealing up to 260°C [8] , is shown in fig.1 : (1/τ h ) remains almost constant, while (1/τ e ) is reduced by at least a factor 5 at the highest temperature. This phenomenon is a strong footprint of defects responsible for electron trapping. As a matter of fact, strong changes have been observed after high temperature annealing in deep levels transient spectroscopy (DLTS), as well as in thermally stimulated currents (TSC), photo luminescence (PL) and infrared (FTIR) spectra [9] . DLTS measurements [10] carried out on magnetic Czochralski (MCz) samples (<100> crystal orientation, w=100µm, ρ=1090 Ωcm) processed by CiS are shown in fig.2 . Samples were irradiate by neutrons to Φ eq =3×10 11 cm -2 . An evident effect of isothermal annealing at 80°C and 200°C can be observed in the spectra. The reduction of spectral amplitude at temperatures higher than 140 °C (i.e. during and after V 2 -/0 emission) indicates a dissolution of vacancy aggregates, suggesting that these defects may be responsible for electron trapping. The released vacancies are partially trapped into new VO and V 2 centers, as indicated by the growth of corresponding peaks. Released vacancies may also promote the formation of complexes with deeper energy levels (V 2 O, V 2 O 2 ), not detectable in the explored temperature range. The formation of extended defects in irradiated Si at difference fluences (in the range 1·10 13 -3·10 16 cm -2 ) has been studied by Hall and magnetoresistance effects [11] in n-type FZ samples with <111> orientation and ρ=2kΩcm. The specific role of these defects in trapping is currently under investigation. Figure 1 . Isochronal annealing of trapping probabilities of electrons (1/τ e ) and holes (1/τ h ) in two nominally equal devices (a01 and a02) irradiated with neutrons at Φ eq =7.5·10 13 cm -2 . Devices received a preliminary annealing of 800min at 80°C to saturate the beneficial annealing curve. Above 220°C, 1/τ e is smaller than setup resolution. The annealing step was 1h at 40°C. Best linear fits are also indicated with thick lines. 
Bias effect on irradiated detectors
The effect of biasing on the full depletion voltage V fd of irradiated FZ detectors have been investigated in the past [12] and confirmed in n-type MCz irradiated with 24 GeV/c protons [4] :. V fd and |N eff | always increase after applying the bias, regardless of space charge sign, while CCE is reduced. No influence on the leakage current was observed. Present investigation has been extended to other silicon materials, such as Cz, Epi (with w=75µm and w=50µm thicknesses) and FZ with high carbon concentration ([C]=1.8×10 16 cm -3 ). p + n planar diodes have been irradiated with 24GeV/c protons (Φ eq =0.6-13·10 14 cm -2 ) and neutrons (Φ eq =1-20·10 14 cm -2 ). The samples were mounted in small Al boxes, connected to a switching matrix and stored in a temperature controlled environment. V fd has been deduced from capacitance versus voltage curves C(V) measured at 20°C, using a test frequency f=10kHz. An example of measurements is shown in fig.3 . The N eff | variations when the bias is switched on (activation) can be simply described as:
Regardless of the sample, the fast component has a time constant τ s~1 0h, and the slow one τ l~1 00h. When the bias is switched off (deactivation), the initial V fd values are recovered with a time of the order of ~1h. The overall |N eff | variation is g b =(g 1 +g 2 )≈0.004 cm -1 . As in the case of FZ and MCz devices, there is no effect of applied bias on leakage current. Moreover, the sign of g b is always such that V fd increases. The effect of biasing is still present if the operational temperature is reduced to -8°C, the main difference being an increase of time constants: in the case of Epi diodes, τ s increases by a factor 2.5, and τ l by a factor 12. . Bias is switched on at t~60h. Exponential fits are superimposed to experimental data. Activation fit parameters are: τ s~3 .7±1.7 h; τ l~5 5±10 h. g 1 /g b~0 .5±0.15; g b~0 .004 cm -1 . Before switching on the bias, V fd =13V.
Detectors made with p-type silicon
The silicon sensors for the innermost tracker detectors in LHC adopted the n-side segmented readout on n-type substrate (n-in-n geometry). This choice is more expensive than the standard p-in-n solution, but radiation harder [13] : the higher mobility of electrons compared to holes and the higher electric field on the n + side result in a much shorter collection time and therefore in less trapping of carriers. The extra cost due to double-sided processing can be avoided using the n-in-p design, which will also prevent type inversion. The effectiveness of n-in-p solution has already been proven after irradiation with protons [14] . Anyway, micro-strip detectors are usually operated in an area where the neutrons largely contribute to radiation damage and, to improve the significance of radiation tests, microstrip detectors have been irradiated with neutrons up to Φ eq =3×10 15 cm -2 . Small size n-in-p detectors were produced by Micron with FZ silicon (A=11cm 2 , 80 µm pitch, ρ=30 kΩcm, <100> orientation), using the p-spray strip isolation technology [15] . CCE has been measured with a 90 Sr source. Samples were coupled to a 40 MHz SCT128 analog chip and kept at low temperature (-23°C) to control the reverse current and avoid thermal runaway [16] . The collected charge was 24×10 3 electrons before irradiation, and 8×10 3 electrons at the highest fluence (with 600V bias). These values are close to-or higher than those measured after proton irradiation, probably due to a smaller trapping probability. More micro-strip detectors made by CNM (<100> orientation, w=300 µm, A=1×1 cm 2 , ρ=20 kΩcm) have been irradiated with neutrons up to Φ eq =10 16 cm -2 . The sensors feature 130 multiguardring microstrips with p-spray isolation (32 µm wide) and 80µm strip pitch. They have been measured [17] connecting all the strips to a common metal rail (diode mode) to be read-out with a high-bandwidth current amplifier. Measurements have been carried out at -30ºC by exciting the diode with laser pulses (λ=1060nm) and with β particles from a 90 Sr source. The results, shown in fig.4 are in agreement with the data obtained with fast electronics. Even at the highest fluence the detectors are still operational and the signal generated at a bias of 800V is 3500 electrons. An isothermal annealing study [18] has been performed at 80°C using the device irradiated to 10 15 cm -2 . Results are shown in the fig. 5 . As it can be seen, charge collection is unaffected by annealing times shorter than 200 equivalent days at 20°C, while a decrease of about 50 % is observed after 5000 equivalent days. Figure 5 . Isothermal annealing at 80°C of the device irradiated to Φ eq =10 15 cm -2 , biased with various reverse voltages. Equivalent days at room temperature are indicated in the horizontal axis. Charge collection has been evaluated by laser illumination.
3D detectors
Silicon particle detectors usually have a planar structure, with electrodes on front and back surfaces. In the first 3D detector architecture [19] , referred here as full 3D, planar electrodes were replaced with two sets of n-and p-type columns passing through the full thickness of the substrate. The main advantage of this structure is that electrode spacing can be as little as 50 µm, leading to a significant reduction in collection time and V fd , and to a higher radiation hardness. The electrodes in full 3D detectors are fabricated by etching holes in a silicon substrate and then filling them with polysilicon. Since this procedure is considerably more complicated than planar processing, alternative architectures have been designed too, which are currently under study.
Single-type column (STC) devices
Standard STC detectors feature columnar electrodes of the same doping type at the front side of the wafer: single-columns electrodes (n + or p + ) are etched and doped [20] , with the other type of electrode planar implanted in the backplane. STC devices were not expected to be radiation hard in experiments were fast charge collection is required. This is due to the presence of low-electric field regions, resulting in ballistic deficit (e.g. slow holes drift toward the backplane in p-type detectors), carrier trapping and non-homogenous response. Nevertheless, STC devices have been produced to refine production technology, as a step toward the development of dual-type column (DTC) devices. In addition, STC detectors could be a good alternative to conventional planar detectors for experiments were fast response is not needed. The most recent SCT devices were produced on p-type wafers, either FZ (w=500 µm, ρ>5.0 kΩcm) or Cz (w=300 µm, ρ>1.8kΩcm). The holes were etched by CNM-Barcelona, and the processing was done by ITC-IRST. The n + columns were 150 µm deep, with 80 µm or 100µm pitch, and 10µm diameter. The columns were connected together on the surface to form pads or strips, to reproduce the functionalities of ordinary planar detectors. CCE measurements with a 90 Sr source before irradiation [21, 22] shown that, for a pixel pitch of 80 µm, the volume between electrodes becomes fully depleted at less than 10V. Almost full charge collection is observed at about 25V, for a substrate thickness w=300µm. TCT measurements with 2D space resolution have been carried out at 10°C with an infrared laser (FWHM~7µm beam size and T~1ns pulse duration) before and after irradiation with neutrons up to Φ eq =5⋅10 14 cm -2 [23] . Three adjacent channels were bonded to the readout electronics, while the others were left floating. Charge collection from a region close to a column implant is shown in fig. 6 . At the highest fluence, CCE at this location saturates close to 40 %; anyway, CCE drops to 10% in the mid-strip region. A similar study has been carried out by using a ATLAS SCT electronics (with 20ns shaping time) [24, 25] . Sensors were irradiated with protons to 10 15 cm -2 and then annealed to the minimum value of V fd , These devices deplete laterally close to 75V and CCE is uniform along strips, although a low efficiency is measured under p-stops and in the central part of the unit cell. Other new STC structures have been designed [26] . The main difference with respect to standard STC detectors is that all electrodes are processed on one side of the wafer and p + implants around the n-type columns serve as channel stopper and biasing electrode. Simulations have been carried out accounting the variations of N eff with fluence Φ up to 1⋅10 16 cm -2 as well as 4⋅10 11 cm -2 oxide charge [27] , indicating that V fd can be reduced significantly as compared to that of a planar Si detector with the same thickness. However, there is a low-field region near the bottom of the columns, even at high biases. FZ p-type wafers (w=300µm, ρ~10kΩcm) have been selected to produce these detectors. All n + columns (~240 µm deep) have been etched by CNM using a deep reactive ion etcher. The planar processing (with Stripixel [28] arrangement) has been completed at Brookhaven National Laboratory (BNL), and CCE testing is underway. 
Dual-type column (DTC) 3D detectors
DTC detectors are expected to exhibit higher radiation hardness with respect to STC, because of short charge collection time (carrier drift mainly horizontally), and RD50 collaboration is addressing the development of different DTC architectures (full-3D and double-sided). Double-sided 3D architecture [29] has columns of one doping type etched from the front side of the device, and the other type etched from the back side. Neither set of columns passes through the entire substrate. The columns etched from the front side are used for readout, and the columns on the back side are connected together and used to bias the detector. A former simulation study [30] , has shown that, before irradiation, double-sided detectors exhibit a substantially lower depletion voltage and collection time than a planar detector. Anyway, they do not fully match the performance of a full 3-D detector unless the column length is very close to the substrate thickness. This is due to electric field distortion close to the end of the columns. Further simulations [31] about the behavior of irradiated double-sided and full 3D devices have been carried with a radiation-damage models accounting for the dynamics of carrier trapping into deep levels [32] . Three energy levels were considered at this stage. V fd in full 3D detectors have been simulated, using as a reference Medipix2 and ATLAS pixel geometries. At Φ eq =1×10 16 cm -2 the former depletes at 40 V and the latter at 140V. Anyway, V fd is strongly dependent on column pitch. V fd (Φ eq ) dependency is shown in the fig. 7 . The simulated behavior of double-sided detectors is similar to full 3D, since they show the same lateral depletion voltage. However, depletion to back requires a higher bias and an undepleted region at back surface is always present at high fluence. Further work is presently under way to simulate CCE in irradiated devices, and to consider the effects of different available pixel layouts. The production of double-sided devices is ongoing at CNM [21] on a 300µm thick n-and p-type substrates; columns will have 250µm depth and 10µm diameter. Different detector geometries are included in the wafers, such as pixel (Medipix2, Pilatus2, ATLAS) and microstrip detectors. The electrodes will be partially filled with polysilicon and passivated with TEOS oxide. A different DTC device which can be produced with single-side processing has been designed too [26] , and its performances have been evaluated by simulations [33] . The electric field distribution resulted to be good, even near the bottom of the detector. The improvement in CCE value by increasing the bias voltage is limited by carrier velocity saturation and by electric breakdown. CCE can also be improved significantly by reducing the column spacing; anyway, at a given column radius of 5 µm, there is not much more improvement for a spacing lesser than 30 µm, due to the increase in dead volume of columns. Full 3D detectors on n-type Si are under processing by IceMOS Technology, Belfast [34] . Prototypes detectors will be integrated and tested with existing readout electronics, i.e. Medipix2, Pilatus2, Hermes and Beetle readout chips. Readout electronics will be connected to p-electrodes and bias will be applied to n-columns. All the electric contacts will be on the top of the device, and rerouting metal lines will be used to connect together the n + columns. 
Conclusions
A 260° annealing study of charge trapping in FZ silicon irradiated by protons to Φ eq =1.5⋅10 14 cm -2 revealed a reduction by at least a factor 5 of electron trapping probability. The correlated modification of DLTS spectra suggested that vacancy aggregates may be responsible for electron trapping processes. It is known that full depletion voltage V fd significantly changes after that an irradiated silicon detector is set under bias, while CCE is reduced. This effect have been studied in the case of many different silicon materials irradiated with neutrons and protons. V fd and effective doping |N eff | always increase after applying the bias, regardless of space charge sign. No influence on the leakage current was observed. The effect of biasing is still present if the operational temperature is reduced to -8°C, the main difference being an increase of activation and deactivation time constants. Radiation damage in n-in-p micro-strip detectors have been investigated after neutron irradiation up to Φ eq =3×10 16 cm -2 . CCE has been measured with a 90 Sr source and laser pulses excitation, with different readout electronics. Even after the highest fluence the detectors are still operational and the signal generated at a bias of 800V is 3500 electrons (CCE≈15%). An isothermal annealing study has been performed at 80°C, confirming that charge collection is unaffected by annealing times shorter than 200 equivalent days at 20°C; a 50% decrease is observed after 5000 equivalent days. Single-type column (STC) 3D devices have been produced, with different configurations, to refine production technology, as a step toward the development of dual-type column (DTC) devices. Charge collection measurements in detectors irradiated with neutrons and protons (up to 10 15 cm -2 ) confirm that these devices are not suited for fast charge collection due to the presence of lowelectric field regions. Simulation of radiation effect in dual-type column (DTC) 3D detectors have been carried out. The simulated behavior of double-sided detectors is similar to full 3D, since they show the same lateral depletion voltage. Anyway, depletion to back requires a higher bias and an undepleted region at back surface is always present at high fluence. The production of a set full 3D and double sided detectors is presently ongoing. Prototypes detectors will be integrated and tested with existing readout electronics.
